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Abstract

The Ni/CNT catalyst was fabricated by directly dipping carbon nanotube precursors refluxed in 4 M of nitric acid into Ni electroless plating
bath, and used to synthesize new carbon nanotubes. The experimental results indicate that the duration of acid-treatment of carbon nanotube
precursors exerts a great influence on the catalysis of Ni/fCNT in the synthesis of carbon nanotubes and hence the structures of the new carbor
nanotubes. When the carbon nanotubes precursors were refluxed for 0.5 h in 4 M of nitric acid, bamboo-shaped carbon nanotubes (BSCNT)
or Y junction carbon nanotubes in the carbon products were obtained. As the duration of acid-treatment of carbon nanotubes precursors
increased to 6 h, the as-prepared Ni/CNT displayed higher activity, and the carbon nanotube products were high pure without any Y junction
structure or any separation layers in hollow.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction difficult before their application. Cylindrically layered and
hollow tubular nano-structures with their high thermal and
In 1976, the group of Endo first synthesized carbon chemical stability make it possible for carbon nanotubes
“filaments” through the pyrolysis of mixtures of benzene to function as supports for preparing nano-sized metal and
and hydrogen by metallic catalyst particles at 110q1]. metal oxide particle catalysf$1-14] Thus there is no need
In 1991, lijima fabricated carbon nanotubes (CNTSs) by arc- for the removal of substrate when the Ni/CNT is used for the
dischargd?2]. After that, extensive interests were focused on synthesis of new carbon nanotubes. RI/A, Pt—-WQ; [13]
the fabrication of carbon nanotubes. Due to its low cost and and Pt[14] catalysts supported on carbon nanotubes have
large-scale production capacity, the catalytic decomposition been studied and shown to have exceptional properties. The
of hydrocarbon has become one of the most important deposition of nickel on carbon nanotubes has also been re-
synthesis methods for carbon micro- and nano-structuresported[15—-17] Baker and co-worke{d8-19]have reported
[3-5]. It has been established that the use of certain form that Nidecorating carbon nanofibers, exhibits a high catalytic
of Fe, Co or Ni metal particles highly dispersed on all activity when compared to classical supported catalysts, for
kinds of substrates as catalysts is essential for the growth oflight hydrocarbon hydrogenation reactions in the gas-phase,
preferred carbon structur@&-10]. However, the removal of  at atmospheric pressure. It was suggested by the authors that
some kinds of substrates such as £i®»03 may be quite when nickel is supported on graphite nanofibers, the metal
crystallites adopt a different morphology, i.e. hexagonal thin
* Corresponding author. Tel.: +86 1062205403; fax: +86 1062205403. morphology, compared to those observed when the nickel
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the carbon nanofiber carrier was considered to be due to agion of a horizontal CVD quartz tube furnace. The reaction
strong metal-support interaction between nickel crystallites region was heated to 58C under nitrogen and nitrogen sub-
and exposed graphite planes. In our experiments, carbonstituted by hydrogen at a flow rate of 200 ml/min for 30 min,
nanotube-supported Ni catalyst also shows high catalytic and subsequently the catalyst was reduced. The reaction re-
activity in the synthesis of carbon nanotubes at <D0 gion was heated to 70 in hydrogen and ethyne introduced
In this paper, carbon nanotubes used as supports were rewith a flow rate of 100 ml/min. The catalytic decomposition
fluxed in the dilute nitric acid and directly immersed in the reaction proceeded for 30 min. Then the products were cooled
Ni electroless plating bath for the Ni deposition. The results to room temperature under nitrogen and the boat with the re-
suggested that the duration of acid-treatment of carbon nan-action products was taken out. The black powder produced
otube supports affects the preparation and catalytic propertiesvas dispersed onto a supported membrane for transmission
of Ni/CNTSs greatly. And we postulate a possible mechanism electron microscopy.
for this influence. For the removal of the amorphous carbon and metallic cat-
alystinthe product, the raw soot produced was first suspended
in 0.21 of 4 M diluted nitric acid and refluxed at 11T for
2. Experimental 2 h. Then the solution was filtered and rinsed with pure water
up to neutral and dried. Finally pure carbon nanotubes were
The carbon nanotube precursors served as supports werebtained.
fabricated by pyrolysis of xylene at about 11@in a quartz Transmission electron microscopy (TEM) was used to ob-
tube furnace. In order to study the influence of the duration serve the microstructures and morphologies of Ni/CNTSs cat-
of acid treatment on the catalytic properties of Ni/CNT cat- alyst and new carbon nanotubes and EDX used to determine
alysts in the synthesis of carbon nanotubes, Ni supported onthe elemental compositions of the Ni particles on the carbon
carbon nanotubes acid-treated for 6 and 0.5 h were used fomanotubes.
the catalytic decomposition of €. The carbon nanotube
supports were acid-treated as follows: the carbon nanotubes
were first refluxed in 4 M of nitric acid solution and were then 3. Results and discussions
filtered with a ceramic filter, washed with distilled water up
to neutralization and dried. Fig. 1 shows the micrographs of the nickel catalyst sup-
Nickel catalyst was introduced onto the surface of carbon ported on carbon tubes acid-treated differently. FFig 1,
nanotubes by using electroless-plating method. The carbonwhen carbon nanotubes precursors were refluxed for 0.5 h,
tubes supports (0.50 g) acid-treated were dispersed into 10 mthe Ni particles deposited are spherical with the average di-
ethanol (99.7%) and the suspension stirred in the Ni bath ameters about 65nm and the metal-support contact area is
of composition NiSQ-6H,O, 10g/l; GH40sKNa-4H,0, smaller than the diameters of Ni particles. As the acid pre-
45 g/l; NaOH, 5 g/l; HCHO (38 wt.%), 16 ml/l. After 15min, treatment duration of carbon nanotube precursors increased
the mixture was filtered through a ceramic filter, washed sev- to 6 h, the density of the Ni-particles-deposited and the metal-

eral times with distilled water and dried up in air at®0 As support contact area increased while the average particle size
a consequence, the nano-sized particles supported on CNTslecreased to about 58 nm, indicating higher dispersion of the
were obtained. Ni particles.

The two catalyst precursors (0.05 g), Ni supported on car-  The specific surface area (SSA) of both the catalysts
bon nanotubes acid-treated for 0.5 and 6 h, were spread intwoand the supports were calculated from the adsorption
ceramic boats, respectively and then placed in the reaction reisotherm of nitrogen at liquid nitrogen temperature using the

100nm 100nm

me

Fig. 1. Micrographs of Ni-deposited carbon tubes (a) carbon nanotubes precursors refluxed in 4 M of nitric acid for 0.5 h; (b) carbon nanotubess precurso
refluxed in 4 M of nitric acid for 6 h.
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Fig. 2. Morphologies of carbon nanotubes synthesized with nickel catalyst supported on carbon nanotubes acid-treated for 0.5 h in dilute nitric acid

Brunauer—-Emmett—Teller (BET) sorption apparatus. The re- tively and length up to several tens of micrometers. Compared
sults show that the SSA of carbon nanotubes supports acid-with the size distribution of the originally deposited Ni par-
treated for 0.5 and 6 h are 123 and 138anrespectively, and ticles, the outer diameters of the carbon nanotubes produced
the SSA of the corresponding Ni/CNT catalysts increased to show a wider distribution at the extremes, which is consis-
144 and 176 fig. tent with the results of referen§20]. FromFig. 3a, one can
The above two Ni/CNT catalysts produced were employed see that the carbon nanotube products seemed to grow from
to synthesize new carbon nanotubes. And TEM analysis wascarbon nanotube supports. Akdg. 3c shows Ni catalyst
performed on the new carbon nanotubes to determine the wallparticles are encapsulated in the middle of the carbon nan-
structure. The TEM image iRig. 2shows the diversified mi-  otubes, indicating that the growth mechanism of the carbon
crographs of carbon nanotubes synthesized with nickel cata-nanotubes obey the open-ended mogizl3.
lyst supported on carbon nanotubes acid-treated for 0.5h. It Carbon yields of the two products are calculated as fol-
can be seen that new carbon nanotubes are curvous multilows: carbon yield = 10& (mass of product mass of cat-
walled CNTs with various diameters ranging from 40 to alyst)/mass of catalyst. The results indicate that the carbon
80 nm.Fig. 2a and b indicate one kind of structure of the yield of the product (1100%) synthesized with Ni supported
carbon nanotube products with many separation layers in hol-on carbon nanotubes acid-treated for 6 h is about 29% larger
low, looking like the bamboo. The inside of CNT is hollowed than that (850%) synthesized with Ni supported on carbon
without any catalyst particles and the root is opened. From nanotubes for 0.5 h.
Fig. 2a, the surface of carbon nanotubes is not so smooth and According to the above results, the Ni catalyst supported
seemed to be covered by amorphous carlbag. 2o shows on carbon nanotubes acid-treated for 6 h exhibits higher SSA,
that the separation layers are conical shaped graphite layersnetal dispersion and catalytic activity than that supported
directed to the open root of the carbon nanotubes and appeaon carbon nanotubes acid-treated for 0.5h. Since the two
at larger distance. However, the diameter is not uniform: the catalysts have been prepared using the same procedure, the
diameter of the root is larger than that of the &f. 2c shows higher activity of Ni supported on carbon nanotubes acid-
the TEM image of Y junction structure of carbon nanotubes treated for 6 h together with higher SSA and dispersion of
products. It can be seen that carbon nanotube stem has manthe active phase is ascribed to the increasing duration of the
carbon nanotubes branches. Some branches are capped whikeid-treatment of the carbon nanotube supports.
others continue to grow. As the duration of the acid-treatment increased from 0.5
The carbon nanotubes synthesized with nickel catalystto 6 h, the interaction of the nanotubes with HjNGpened
supported on carbon nanotubes acid-treated for 6 h have betthe caps and broke the tubes at imperfections, giving rise to
ter morphologies (as shown Fig. 3). They are high purity  shorter nanotubes. Thus a fraction of end planes, inner cavi-
multi-walled nanotubes, either straight or curved, without any ties and imperfect outer surfaces contribute to the increment
separation layers in hollow or Y branches, with outer and in- of SSA. So the SSA of carbon nanotubes acid-treated for 6 h
ner diameters ranging from 30 to 70 and 10 to 20 nm, respec-is about 12% larger than that of the carbon nanotubes acid-
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Fig. 3. Morphologies of carbon nanotubes synthesized with nickel catalyst supported on carbon nanotubes acid-treated for 6 h in dilute nitric acid.

treated for 0.5 h, and the trend is similar for the SSA of the =~ Bamboo-shaped carbon tubes have been reported before
catalyst. The larger SSA of carbon nanotubes will benefit Ni [25—-29] but the growth mechanism of this kind of tubes is not
catalyst dispersion during the preparation of the nanotube-clearly understood. In our work, the base growth mechanism
supported catalyst. In turn, the higher dispersion of Ni cata- is suitable for the bamboo-shaped carbon nanotubes, accord-
lyst on carbon nanotubes will result in the increment of the ing to hollow tip and open root (as shownfig. 2) [25-28]
SSA of the nanotube-supported catalyst. At first, carbon atoms resulted from the decomposed hydro-
In addition, the acid-treatment of carbon nanotubes also carbon were absorbed on the bottom surface of the Ni parti-
introduced the functional grou22—23] such as hydroxyl  cles, then dissolved in the particles and moved by diffusion
(—OH), carboxyl -COOH) and carbonyl (>€0), especially and condensed gradually on the top surface, forming graphite
for the sites with imperfections. Since the Ni deposition sheets as a cap on the catalytic particles. In the growth reac-
entails contacting the carbon nanotubes with the solution of tion of CNTs, the diffusion of carbon atoms in the catalyst
the catalyst precursor, and carbon nanotubes are essentiallparticles, including the surface diffusion and bulk diffusion,
nonhydrophilic in nature, they have a very low affinity for is believed to be the rate-determining s{@p]. The verti-
solvents of polar character such as water. The introduction cal graphite sheets are grown by surface diffusion of carbon
of the acidic surface groups decreased the hydrophobicity ofatoms and the separation layers of compartments are grown
the carbon nanotubes and made the surface more accessibley bulk diffusion of carbon atomd5-26,28]
to the aqueous solution of the metal precursors or deposits The growth rate of CNTs can be described by an Arrhenius
[24]. Thus during the reactions, Niions were reduced, equatiorj25]thatthe activation energy is the diffusion energy
conglomerated and formed Ni nano-particles on the carbonof carbons in the metal. For nano-scaled Ni particles on the
nanotubes. As the duration of the acid-treatment of carbonsurface of carbon nanotubes, the activation energy on the
nanotubes supports increased from 0.5 to 6 h, more func-surface is higher than thatin the bulk of the Ni particles, which
tional groups would be introduced onto the surface of carbon results in the higher diffusion rate of carbon atoms on the
nanotubes, and the hydrophobicity of carbon nanotubessurface of the metal particles than in the bulk. As the carbon
precursors would decrease. Therefore, more metal precursorsitoms are continuously added to the edge of cap, the cap of
are attached to the nanotubes and more metal particles argraphite sheets lifts off the catalytic particle. Then a closed
dispersed more homogeneously on the outer surface, leadindip with the inside hollow is formed. As the carbon nanotubes
to small diameters on the whd24]. EDX analysis confirms  continue to grow, the carbon nanotubes with separation layers
this: the loadings of Ni increased from 3.71 to 5.62 at.% with are formed. The motive force of lift-off of the cap at the
the increasing duration of acid-treatment of carbon nanotubecatalytic particle may be the stress accumulated under the
precursors from 0.5 to 6 h. The smaller mean particle size andgraphite cag28].
the larger metal-support contact area also indirectly proved From Fig. 2b, the separation layers of the carbon nan-
this when the carbon nanotubes were acid-treated for 6 h. otubes appear at larger distance than that of the carbon
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nanotubes ifrig. 2a. It is advisable that the carbon nanotubes other important reason of the increasing of the activity of the
in Fig. 2b were synthesized with the Ni particles deposited Ni particles[18-19,30]

on the sites (such as imperfections) with more functional

groups. Due to more functional groups, the stability of the Ni

catalyst increasefB0] and the outer crystal planes structure 4. Conclusions

of nickel particles might be changed to benefit the surface
diffusion of carbong18-19,30] resulting in the increasing

of surface diffusion rates of carbons. Therefore, the surface
diffusion of carbon becomes dominant to the bulk diffusion
of carbons. Since the separation layers are grown by bul

Acid treatment of the carbon nanotube precursors plays
key roles for the Ni deposition and exerts a great influence on
the properties of Ni catalyst in the synthesis of carbon nan-

K otubes. When the carbon nanotubes substrates were refluxed

diffusion, the separation layers appear at larger distance. I the nitric acid for 6, the Ni catalyst particles displayed
The TEM image irFig. 2 shows another kind of structure high activity and the carbon nanotubes products have high

of carbon nanotubes products. The important feature of this 9u&lity and high purity. Therefore, the carbon nanotubes as
kind of carbon nanotubes is Y junction. With regard to the Y catalyst support has a bright future in the field of catalyst.

junctions, the growth mechanism has not been clearly under-
stood. The carbon nanotubes with Y junction structures were
first found in the carbon deposit produced under specific arc-

discharge conditions by Zhou and Serapf2i]. They sug- This work is supported by the National Natural Science

gested that the joining of several carbon nanotubes formedgq,ngation of China (NSFC, Grant No. 10275005).
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